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Interprotein electron transferA low static dielectric permittivity of proteins causes the low reorganization energies for the charge transfer
reactions inside them. This reorganization energy does not depend on the pre-existing intraprotein electric
ﬁeld. The charge transferred inside the protein interacts with its aqueous surroundings; for many globular
proteins, the effect of this surroundings on the reorganization energy is comparable with the effect of
reorganization of the protein itself while for the charge transfer in themiddle of membrane the aqueous phase
plays a minor role. Reorganization energy depends strongly on the system considered, and hence there is no
sense to speak on the “protein reorganization energy” as some permanent characteristic parameter. We
employed a simple algorithm for calculation of the medium reorganization energy using the numerical
solution of the Poisson–Boltzmann equation. Namely, the reaction ﬁeld energy was computed in two
versions— all media having optical dielectric permittivity, and all themedia with the static one; the difference
of these two quantities gives the reorganization energy. We have calculated reorganization energies for
electron transfer in cytochrome c, various ammine-ruthenated cytochromes c, azurin, ferredoxin, cytochrome
c oxidase, complex of methylamine dehydrogenase with amicyanin, and for proton transfer in α-
chymotrypsin. It is shown that calculation of the medium reorganization energy can be a useful tool in
analysis of the mechanisms of the charge transfer reactions in proteins.osynthesis; CcO, cytochrome c
ial (charges); MADH, methyl-
ein data bank; THI, tetrahedral
1 Strictly speaking
energy and the stan
number of molecul
chosen for reactants
ll rights reserved.© 2011 Elsevier B.V. All rights reserved.1. Introduction
A great many of biochemical reactions are essentially the electron
or proton transfer reactions, i.e., the processes of transfer of charged
particles. The general theory of these reactions was developed
intensively in the second half of the twentieth century. The
fundamentals of the theory were reviewed many times (see, e.g.,
[1–12]). Here we will not consider all aspects of the theory focusing
mainly on the one side of the problem, namely the role of the medium
reorganization, particularly for reactions in proteins.
The principal feature of the charge transfer mechanism is the
existence of two types of movements— the classical and the quantum
ones. With any barrier, there always exists a possibility of two
different types of transition: overbarrier (classical) and underbarrier
(quantum) ones. The type of behavior depends on the shape of the
corresponding potential wells characterized by the valueΔE that is, by
the order of magnitude, the difference of two neighboring discrete
energy levels (for harmonic oscillator, ΔE=ħω). With ΔENNkT, we
observe the typical quantum behavior, with ΔEbbkT — the classical
one.As a result of thermal ﬂuctuations, the classical subsystem moves
continuously along its coordinate, reaching at last the situation when
the energies of the quantum subsystem in initial and ﬁnal states
become equal, and the underbarrier transfer of electron (and, in some
cases, proton) becomes possible. The energy necessary to reach this
conﬁguration is the activation energy ΔG#. In the very common case
when the classical subsystem can be described as a harmonic
oscillator (parabolic free energy curves)
ΔG# =
λ + ΔGo
 2
4λ
ð1Þ
Here ΔG0 is the standard free energy of the reaction elementary
act,1 λ — the reorganization energy [14]. Reorganization energy is the
energy necessary to bring the system from the initial equilibrium
coordinates to the ﬁnal ones but remaining at the initial charge
distribution. For instance, for the reaction A++B=A+B+ it is the
energy difference between the nonequilibrium state (A++B)neq
having coordinates corresponding to the equilibrium state (A+B+)eq,
and the equilibrium state of (A++B)eq. The reorganization energy λ
can be considered as a sum of the inner-sphere λi and medium λs, it is the conﬁgurational free energy; the difference between this
dard free energy becomes apparent only in the case when the
es changes upon reaction or the different standard states are
and products [13].
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coordinates of reactants, the second being the result of the change in
the charge–medium interaction upon the spatial shift of charges. This
simple representation is valid only when both λI and λs are quadratic
functions of the corresponding coordinates, and are independent of
the direction of the charge transfer, e.g., from A+ to B or from B+ to A.
This condition is fulﬁlled usually for the dielectric medium reorgani-
zation (linear dielectric response) but not always for the inner-sphere
reorganization. However, often λi for two directions are rather close,
and, in this case, the employment of their arithmetic mean gives
results of an acceptable accuracy. Note that Eq. (1) relates to so called
nonadiabatic reactions that are common formost biological processes.
The medium reorganization energy is determined by repolariza-
tion of the dielectric surrounding the reactants, by reorientation of its
dipoles. According to Marcus formula, in the simple case of the
transfer of charge e between two spherical reactants of radii a1, a2 and
an inter-center distance R12
λs = e
2 1
εo
− 1
εs
 
1
2a1
+
1
2a2
− 1
R12
 
ð2Þ
Here εo and εs mean optical and static dielectric permittivities of
the homogeneous medium. The difference of the corresponding terms
reﬂects the fact that only the change in the inertial polarization causes
the reorganization energy (more detailed analysis of the problem is
given in Section 2).
The low value of the static dielectric permittivity of proteins affects
strongly the reorganization energy of any intraprotein charge transfer.
For common solvents having high or medium static dielectric
constants εsNNεo, and hence the so called Pekar or polaron coupling
constant C=1/εo−1/εs only slightly varies with a change of εs. On the
contrary, the transition to a medium with a very low dielectric
permittivity changes the value of λs drastically. For water, with
εo=1.8 and εs=78, C=0.54, for proteins, with εo≈2.5 and εs=4,
C≈0.15, i.e. more than three times smaller. Therefore, as it was
shown in [15,16], a low reorganization energy is typical of proteins as
the media of charge transfer reactions, and hence it is one of the
physical reasons of their catalytic effect. The low dielectric permit-
tivity of proteins, and, accordingly, their low reorganization energy, is
the consequence of the restricted mobility of the numerous protein's
dipoles, ﬁrst of all the peptide groups that are incorporated in a rather
rigid structure [17]. This structure results also in the existence of some
permanent intraprotein electric ﬁeld.
The estimate of the protein static permittivity given above is the
approximate one, and the real values can vary in some limits.
However, there is no doubt in their order of magnitude, and hence the
conclusion that the reorganization energy in proteins is much lower
than in water has a quite general meaning. This conclusion of our
papers [15,16] follows immediately from Marcus approach to
reorganization of dielectric media. Later, using a different indepen-
dent method, namely microscopic simulation, Yadav et al. [18] have
shown that the reorganization energy for the charge transfer in lactate
dehydrogenase is much lower than in water. The important
conclusion of [18] is that microscopic model results in Marcus —
type parabolas lying in the background of the dielectric treatment.
Low reorganization energy was found from microscopic models also
for some other proteins (see, e.g. [19–21]). Hence, microscopic and
dielectric continuum approaches give similar results.
The real charge transfers proceed not inside an inﬁnite protein but
in some heterogeneous systems, usually protein surrounded bywater.
The Coulombic forces are the long-range ones, and hence water
contributes substantially to the total medium reorganization energy,
the effect of water depending on the geometry of the system.
Calculations performed for some simple model (e.g., in [15,16,22,23])
show that, for a given orientation of reactants relative to the globule
surface, the optimal values of λs can be achieved at a deﬁnite range ofthe globule size. In this paper, the effect of aqueous surroundings will
be analyzed quantitatively for the real geometry of systems under
consideration. Note that the microscopic calculations mentioned
above have also accounted for the reorganization of the surrounding
water.
A simple inspection of Eq. (2) shows that there is no reason to
speak on the reorganization energy of a medium, including protein, as
some constant characteristic of this medium. Indeed, the reorganiza-
tion energy depends not only on the medium properties (εo, εs) but
also on reaction's parameters (a1, a2, R12). Moreover, for the real
proteinaceous systems, effect of heterogeneity is very important, and
it can be quite different for different proteins.
The low dielectric permittivity of proteins ensures low reorgani-
zation energy. However, besides that, the low dielectric permittivity
results also in decrease in the ions solvation energy, and hence in
unfavorable energy expenditure for transfer of charged particles from
water into protein or for charge separation between two neutral
reactants inside the protein. This additional energy expenditure is
always higher than the decrease in the activation energy caused by
lower reorganization energy [24,25]. This means that only the low
dielectric permittivity cannot explain the high catalytic activity of
enzymes.
As it was mentioned above, the low permittivity is the conse-
quence of the low mobility of protein dipoles due to their ﬁxation in
the protein structure. At the same time, this ﬁxation of dipoles results
in appearance of some permanent intraprotein electric ﬁeld. This ﬁeld
exists before charging of reacting groups, and hence can be called “the
pre-existing ﬁeld”. In liquid solvents, the ﬁeld of dipoles ﬂuctuates
randomly, and, averaged in time, its value at any point is zero. In
contrast to that, the local electric ﬁelds in protein have non-zero
values depending on the position inside the protein structure. The
calculations performed for several proteins (see, e.g. [26–29]) show
that usually the ﬁeld at the active sites compensates largely for the
energy loss due to a low Born solvation energy (this conclusion was
reached in these andmany others papers in spite of the fact that these
calculations were performed using the protein's static dielectric
permittivity, and hence underestimating the effect of the pre-existing
ﬁeld — see below, the two-dielectric formalism). Therefore, the high
catalytic activity of enzymes is the result of the simultaneous action of
two effects — the low reorganization energy and the pre-existing
intraprotein electric ﬁeld decreasing to an acceptable level the
reaction free energy. Both these effect are due to the speciﬁc feature
of proteins structure making them highly-polar low-dielectric media.
At this point, some comment seems to be appropriate. In practical
calculations of both ΔG0 and λ, two approaches mentioned above are
widely used — the microscopic simulation and the semi-continuum
analysis. In practical implementation, both of them have to use some
approximations and simpliﬁcations. In spite of that, they lead to rather
similar conclusions. In this paper, I will use the semi-continuum
treatment. In this approach, one calculates the intraprotein pre-
existing ﬁeld on the basis of coordinates of all the protein's atoms, and
the environment response is considered in the framework of the
dielectric continuum formalism. Of course, this treatment cannot
reveal some atomic details of the process but it can give the physical
picture in a more general form, and, in practical realization, consumes
by orders of magnitude shorter computer time. However, the
traditional semi-continuum calculation of ΔG0 (e.g. as it is described
in [26,27]) has some conceptual difﬁculties. As it was pointed out
many times by Warshel et al., any attempt to describe the process
using a single “effective protein dielectric constant” results in different
values of εeff optimal for different problems (summarized and
discussed in details by Schutz and Warshel [30]). As revealed by
King et al. [31], there exists an intrinsic contradiction in the traditional
semi-continuum approach. Namely, employing static dielectric
constant εs in calculation of the electric ﬁeld of the protein permanent
dipoles, one accounts for these dipoles twice— as a source of the ﬁeld
2 In Eq. (1) and later, we omit, for the sake of clarity, the integrals over surfaces: the
result of calculations remains the same. Strictly speaking, the two-dimensional surface
charge density, which is involved in the integrals omitted, is an abstraction meaningful
only in the macroscopic electrostatics. On the microscopic level, it is hardly reasonable
to consider a 2-D surface charge of, say, an ion. More realistic is to speak here on the
three-dimensional charge density distribution having a maximum near the ion's
effective surface. For this model, only spatial integrals on ρ are necessary.
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contradiction was resolved in our work [32]. We presented the
charging process in protein as consisting of two physically different
steps — bringing the charge to the proper point where already exists
some potential set up by the protein's permanent dipoles (and free
charges), and a subsequent dielectric relaxation of surroundings. The
positions of all dipoles before the charge introduction are ﬁxed;
hence, their reorientation is not involved in the screening of their
ﬁeld. The electronic density distribution in any aminoacid residue in
protein differs from that in a free molecule. Change of the electronic
density distribution under action of the electric ﬁeld of all residues
screens the ﬁeld of permanent dipoles. Therefore, the pre-existing
ﬁeld is screened by the protein electronic polarization, this effect
being accounted for by the employment of the protein's optical
dielectric permittivity. Coordinates of outer water molecules are not
ﬁxed, and hence the effect of the reaction ﬁeld on the pre-existing
intraprotein ﬁeld should be calculated using water's static permittiv-
ity. In the second step – dielectric relaxation – all kinds of polarization
are involved, and therefore the static dielectric constant comes in
play. The simultaneous employment of two protein's dielectric
constants avoids the contradiction mentioned above, and makes the
semi-continuum calculation self-consistent. It shows also why any
attempt to operate in all the semi-continuum calculations with a
single effective dielectric constant is nonproductive.
The idea of the two-step charging with two different dielectric
constants of proteinwasalso supportedbySimonsonet al. [33].Wehave
performed calculations of ΔG0 for several charge transfer processes in
proteins-pK of the α-chymotrypsin active site [34], redox potentials of
all eight cofactors in Photosystem I and of two ferredoxins [35], redox
potential of the Rieske iron-sulfur protein and its mutants [36]. In all
cases the usage of two protein dielectric constants – optical and static
ones – results in a quite reasonable accordance with the experiment,
while calculations with only static constant underestimates markedly
the effect. In a special case of the multi-charged iron–sulfur clusters in
Photosystem I and ferredoxins the error due to the usage of only static
constant reaches even 0.8–1.0 V
The above consideration relates to calculation of ΔG0. As will be
shown in Section 2.3, for semi-continuum calculation of λ all the
problems with the pre-existing ﬁeld are absent.
In this paper, Section 2 presents description of the medium
reorganization theory including the case of a medium with the pre-
existingelectricﬁeld that is speciﬁc for proteins. In Section 3, themethod
of practical calculation of the reorganization energy for reactions in
protein of a known structure is described. Section 4 presents analysis of
several concrete cases. Concluding remarks are given in Section 5.
2. The reorganization energy of polar media
2.1. The general case
Let us start with a brief summary of the way leading to an
expression for a nonequilibrium polarization energy in the case of a
pure electrostatic interaction of charged particles with their sur-
roundings. Following Marcus [14,37] this energy can be found in a
two-step charging process:
I) an equilibrium charging in a medium with static dielectric
permittivity εs when all kinds of polarization – slow atomic
(inertial) and fast electronic (inertialess) – develop fully in the
charging process. The energy of this process is WI.
II) a fast discharging during which the coordinates of all heavy
particles (nuclei) remain unchanged, and only electronic density
distribution can follow the evolution of reactants' charges; in this
second step, only electronic polarizability, i.e. the optical dielectric
permittivity εo responds to charge redistribution. The correspond-
ing energy is WII.After this charging–discharging process is completed, we obtain
the system with an initial charge density distribution but with the
inertial polarization corresponding to the ﬁnal charge distribution.
Hence, the total energy of this process is nothing else as the medium
reorganization energy
λs = WI + WII ð3Þ
Let us consider a dielectric mediumwith an arbitrary distribution of
its dielectric permittivities εs (r) and εo (r). The initial charge density
distribution of reactants is ρi (r), the corresponding potential created by
these charges in the static medium is φsi (ρi, r). Let us charge now the
reactants up to theirﬁnal chargedensity ρf (r)=ρi (r)+Δρ (r). At some
moment in course of this charging ρ# (r)=ρi (r)+γ Δ ρ (r), γ varying
from0 to1. Considering electricﬁeld as a superpositionof the initialﬁeld
and the ﬁeld due to the additional charge, we obtain
φs (ρ#, r)=φsi (ρi, r)+φs (γΔρ, r), or, accounting for proportion-
ality of potential to charge, φs (ρ#, r)=φsi (ρi, r)+γ φs (Δρ, r),.
The charging energy equals to
WI = ∫
V
∫
1
0
φs ρ; rð ÞΔρ rð Þdγdr
= ∫
V
∫
1
0
φsi ρi; rð ÞΔρ rð Þdγdr + ∫
V
∫
1
0
γφs Δρ; rð ÞΔρ rð Þdγdr
= ∫
V
φsi ρi; rð ÞΔρ rð Þdr +
1
2
∫
V
φs Δρ; rð ÞΔρ rð Þdr
ð4Þ
The integration over dr is extended over the whole volume of the
system.2
Introducing special designations for each term,
WI = Wc + Ws ð4aÞ
The termWc (ﬁrst integral) presents the energy of introduction of
the charge Δρ(r) into the ﬁeld φsi(ρi,r) created by the initial charge
distribution ρi(r), Ws is the self-energy (dielectric response energy) of
charging by charge Δρ(r).
To calculate WII, let us charge now the reactants by the charge of
the same value but of the opposite sign (ρi−ρf)=−Δρ in the
medium with εo (this process reduces the charge distribution to the
initial one). This charging energy consists of two components: ﬁrst,
the energy of bringing charge (ρi−ρ≠) to potential φs(ρf,r) created
after charging in the step I; second, the energy of the electronic
polarization response to charging by (ρi−ρ≠). Integrating, as before,
over dγ, we obtain the following expression
WII = −∫
V
φs ρf ; r
 
Δρ rð Þdr + 1
2
∫
V
φo Δρ; rð ÞΔρ rð Þdr ð5Þ
or, with account of φs(ρf,r)=φsi(ρi,r)+φs(Δρ,r),
WII = −Wc−2Ws + Wo ð5aÞ
Here φo(Δρ,r), is the ﬁeld of the optical response to the charge
density redistribution Δρ(r) in the mediumwith εo. The ﬁrst integral in
Eq. (5) (equal to−Wc−2Ws) is negative becauseφs(ρf,r) and (ρi−ρ≠)
have opposite signs, but the second term (Wo) is positive (in Eq. (5), we
3 In the general case, for each of the electroneutral reactants, there is some spatial
distribution of both positive and negative charge densities giving in sum the charge
zero. Wc equals to zero only for a symmetric distribution of these charges what is in
many cases a good approximation. For the uncharged but, say, dipolar reactants
Wc≠0; however, this contribution is small as compared to that of charged particles.
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sum of Eqs. (4) and (5) gives a ﬁnal expression
λ =
1
2
∫
V
φo Δρ; rð ÞΔρ rð Þdr−
1
2
∫
V
ϕs Δρ; rð ÞΔρ rð Þdr = Wo−Ws ð6Þ
Eq. (6) looks like a difference of charging (dielectric response)
energies in media with εo and εs (Wo and Ws), in both cases the
reactants being initially uncharged. However, the negative sign of the
second term is only the result of summing up of Ws (Eq. (4)) and
−2Ws (Eq. (5)) (Wc and−Wc of these equations cancel out), and the
total energy W is essentially a sum of the total charging energies WI
and WII.
It follows from Eq. (6) that; in contrast to charging energiesWI and
WII, the reorganization energy does not depend on the absolute
charges of reactants, but only on their change.
2.2. Spherical reactants in homogeneous medium
To illustrate the application of the general approach described
above, let us consider a simple case of two non-polarizable spherical
reactants of radii a and b, charges qa and qb, and inter-reactant (inter-
center) distance R that are immersed in a homogeneous nonstructur-
ized medium. At some moment, a fraction γ of the electronic charge e
is transferred, in a static medium, from particle “a” to particle “b”.
Then the potentials on “a” and “b” are
φaI =
qa−γe
εsa
+
qb + γe
εsR
φbI =
qb + γe
εsb
+
qa−γe
εsR
Charging energy
WI =
1
εs
e2
2a
+
e2
2b
− e
2
R
− eqa
a
+
eqb
b
+
eqa
R
− eqb
R
" #
ð7Þ
Similarly, for back transfer in an optical medium
φaII =
γe
εoa
− γe
εoR
+
qa−γe
εsa
+
qb + γe
εsR
φbII = −
γe
εob
+
γe
εoR
+
qb + γe
εsb
+
qa−γe
εsR
WII =
1
ε0
e2
2a
+
e2
2b
− e
2
R
" #
+
1
εs
eqa
a
− eqb
b
− eqa
R
+
eqb
R
− e
2
2a
− e
2
2b
+
e2
R
" #
ð8Þ
And ﬁnally we obtain the well known Marcus formula
λ = WI + WII =
1
εo
− 1
εs
 
e2
2a
+
e2
2b
− e
2
R
" #
ð2Þ
As before, we see that reorganization energy λ does not depend on
initial charges of reactants, it is determined only by the charge being
transferred.
2.3. Reorganization energy in a pre-organized medium
Proteins are pre-organized polar media in the sense that their
dipoles are arranged in some non-random array existing before
appearance of any charge on reactants [17]. This pre-organization
results in some pre-existing electric ﬁeld independent of the reactants
charges — φp.f. (as it was explained in Section 1, in semi-continuum
calculation of this ﬁeld, the optical dielectric permittivity should beemployed). Therefore, in derivation of WI we should add to the initial
potential φsi(ρi,r) the potential of the pre-existing ﬁeld φp.f.(r)
independent of ρi (r) and Δρ (r). Accordingly, in expression for WI
an additional integral will appear
Wp:f : = ∫
V
φp:f : rð ÞΔρ rð Þdr
The presence of this integral reﬂects the effect of the pre-existing
intraprotein electric ﬁeld on the equilibrium reaction free energy that
depends on WI.
In calculation of WII, the same integral appears but with the minus
sign because of the reverse sign of Δρ(r)
−Wp:f : = −∫
V
φp:f : rð ÞΔρ rð Þdr
Upon summing up expressions for WI and WII, these two integrals
cancel out, and we obtain for λ the same Eq. (6). Hence,
reorganization energy does not depend on the pre-existing electric
ﬁeld [32].
In the semi-continuum formalism, the ﬁeld of the pre-oriented
dipoles affects ΔG0 but for the reorganization energy important is not
the absolute value of this ﬁeld but only its change upon charging
process. This change is calculated in the framework of dielectric
formalism. In microscopic simulations, one calculates explicitly the
energy of dipoles–charge interaction in two charged states. The
difference of the interaction energies of dipoles with initial charge at
the initial and ﬁnal equilibrium coordinates (or vice verse) gives the
reorganization energy (see, e.g. [18–21]). Therefore, in this treatment,
the reorganization energy also depends only on the difference of the
charge–dipoles interactions.
2.4. Some remarks on activation energy
Let us consider the well-known expression for activation energy
ΔG# =
λ + ΔGo
 2
4λ
ð1Þ
We will present the total reorganization energy λ as the sum of
inner λi and medium (solvent) component λs. Similarly, ΔG0 is the
sum of contribution due to the internal properties of the reactantsΔGi,
and the corresponding electrostatic contributionWI=Wc+Ws+Wp.f.
(the last term here reﬂects the effect speciﬁc for proteins).
Substituting these expressions as well as Eq. (6) for λs into Eq. (1),
we obtain
ΔG# =
λi + Wo + Wc + Wp:f + ΔGi
 2
4 λi + Wo−Wsð Þ
ð9Þ
The self-energyWs, enteringwith the opposite sign in λs and inWI,
cancels out in the numerator of this equation. When both reactants
are uncharged (the charge separation process), Wc=0, and hence in
the numerator disappears any term depending on the static
permittivity εs3 (Wpf is determined by optical permittivity εo [32]).
At the activationless process, the activation energy is zero (the
numerator of Eq. (9) equals to zero). These reactions are often very
fast, and during this process, the inertial dielectric response develops
in time; that means, the effective εs is time-dependent. However, due
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remains activationless [38,39].3. Methods of the reorganization energy calculation
The medium reorganization energy should be calculated by
Eq. (6). In practical computation, it is convenient to replace the
corresponding integrals over the volume∫
V
φ Δρ; rð ÞΔρ rð Þdr by sums
over all i atoms of reactants∑
i
φ ið ÞΔqi. Here φ (i) is the potential at
atom i, Δqi is the change of the partial charge of atom i upon charge
transfer. The approximation used here is to replace the spatial
distribution of charge density by a set of point charges. The values of
partial charges qi are to be determined by quantum–chemical
calculations. There are different versions of substitution of point charges
for the charge density distribution. For electrostatic calculations, more
suitable are the ESP charges, i.e. charges simulating the electrostatic
potential distribution outside the given atom. Because evaluation of
these charges involves some approximations, it is desirable to test
various sets of these parameters. In this paper, it was found that the
reorganization energy is not very sensitive to variations, in reasonable
limits, of these charges, especially for symmetric reactants' molecules
(this is not always true forΔGcalculations because a possible substantial
asymmetry in the pre-existing electric ﬁeld).
The electron transfer proceeds from the highest occupied molecular
orbital of donor to the lowest unoccupiedMO of acceptor. However, the
wave functions of the other orbitals are modulated by the non-
equilibrium medium polarization. As it was shown by Mertz et al. [40],
as a good approximation, the reactants can be described as dielectric
cavities, and then the transformation of the corresponding MOs is
represented as polarization of an electronic continuum in this cavity.
Correspondingly, one should ascribe to the reactants' bodies some
opticaldielectric permittivityεo,r. Its value liesusually in limits of 2.0–2.5
(the last value is typical of polyconjugated aromatic molecules). In this
paper, we have also tested the effect of variation of this parameter.
The electrostatic calculations can be performed solving the
Poisson–Boltzmann equation by the ﬁnite–difference method. In
this paper, the DelPhi software [41] was used. This program provides
the reaction ﬁeld energy (solvation energy, dielectric response
energy). The charging energy in some medium equals to the algebraic
sum of the charging energy in vacuum and the reaction ﬁeld energy.
Therefore, the reorganization energy, i.e. the difference of charging
energies in optical and static media, equals to the difference of
reaction ﬁeld energies in these two media.
The version of DelPhi (namely, v.4 release 1.0) employed in this
study allows performing calculations for a heterogeneous systemwith
an arbitrary number of media of various shapes and with different
dielectric permittivities. In our case, we have considered at least three
media— the reactant itself, the protein, and the surroundingwater (in
some cases, additional media were involved, see below). The intra-
reactant polarization is, as is described above, the electronic one.
For protein, the optical permittivity εo,p=2.5; its increase as
compared to the value 2.0 typical of amides is due, according to
Clausius–Mossotti equation, to higher density of protein (about 1.3).
The static dielectric permittivity εs,p measured with dry proteins lies
usually around 3.5–4. The last value is commonly employed in the
corresponding electrostatic calculations. However, this value presents
the quantity averaged over the whole protein globule. There are
several molecular dynamics simulations showing that the dielectric
permittivity of the outer part of a globular protein is higher than of its
core (see, e.g. [31,42–47]). Moreover, as revealed by King et al. [31]
the local value of the static permittivity in the active site of trypsin is
larger than in the other parts of the globule. In accordance with this
result, we obtained the ﬁrst direct experimental evidence of an
enhanced permittivity in the active site region (more precisely, in thebinding pocket) of α-chymotrypsin [48]. Coulombic forces are the
long-range ones, and therefore important is not only the nearest
vicinity of the reacting group but also the more distant regions.
Without knowing an exact distribution of the local permittivity, we
have to resort to some approximation, namely to use some effective
averaged value. Calculations of pK of the active site ofα-chymotrypsin
[34] and redox potentials of Rieske protein [36] have shown that the
better agreement with the experiment can be achieved with an
effective uniform dielectric permittivity of the protein globule close
to 5. In this work, we will perform the calculations using two values of
εs,p, as a rule, 4.0 and 5.0.
For water, εs,w=78, εo,w=1.8. One should keep in mind that
Poisson–Boltzmann equation takes into account not only the
dielectric polarization but also the screening of the charge by ionic
atmosphere. This effect is important for the static response but not for
the optical one. Indeed, upon fast, essentially electronic, repolariza-
tion the coordinates of dissolved ions, like of other heavy particles, do
not change. Hence, reorganization of ionic atmosphere does not take
place. To exclude practically the last effect from computations in the
framework of the DelPhi software, we put as a parameter a very low
ionic strength (0.00001) making the Debye length several orders of
magnitude larger than the cell size.
The grid spacing was chosen in such a way that variations in this
parameter introduced an error not exceeding 1 meV.
4. Application to charge transfer processes in several proteins
4.1. Globular proteins
4.1.1. Cytocrome c
Cytochrome c is small water-soluble protein, an ubiquitous
member of many electron-transfer chains. The redox center is heme
with axial ligands imidazole (the side chain of His 18) and
dimethylsulﬁde (mimicking the side chain of Met 80); heme is highly
polarizable moiety with a large system of conjugated bonds, and
hence we ascribe to it an optical permittivity εo,r=2.5 or εo,r=2.3.
The active site coordinates as well as of all protein atoms were
taken from pdb ﬁle 1hrc. The ESP partial charges were calculated
quantum-chemically in [49]. In the work cited, the charge transferred
was localized on Fe, on atoms of pyrrol rings, and on N and S atoms of
axial ligands.We prefer themodiﬁed charge distribution that includes
all atoms of porphyrin ring, side vinyl groups and all atoms of axial
ligands. The calculations were done with the both sets of charges; the
results differ not more than by 3 meV.
The calculations were performed in two ways. First, and the most
rigorous one, is to consider a three-dielectric system, viz. reactant,
protein, and aqueous solution. The second approach is to sum up the
results of two-step calculation: reactant in an inﬁnite protein (εo,r and
εs,p or εo,p), and then the reactant's charges in ﬁnite protein
surrounded by aqueous phase (εs,p or εo,p and εs,w or εo,w). The latter
way was used in our previous works, e.g. [22,36,50,51], as well as by
Zhou [52]. For systems of simple geometry like a spherical ion in a
semi-inﬁnite dielectric the analytical solution of the electrostatic
problem gives the same result [53,54].
The results of calculations are given in Table 1. First of all, it is clear
that both three-dielectric and two-dielectric approaches give practi-
cally identical results (the more rigorous three-dielectric model — by
only 2 meV lower). This veriﬁes the employment of the two-dielctric
model for the reaction ﬁeld energy calculations. The results of two-
dielectric model are also important in another aspect that will be
discussed later.
The lower intraprotein permittivity εo,i (2.3 instead of 2.5)
somewhat increases (by the absolute value) the dielectric response
energy in static media — by 46–47 meV (the data not shown in
Table 1). However, this increase is compensated for by practically
equal decrease in the (positive) energy in optical media; ﬁnally, the
1449L.I. Krishtalik / Biochimica et Biophysica Acta 1807 (2011) 1444–1456reorganization energy reveals to be virtually insensitive (in limits of
4–5 meV) to the choice of this parameter.
It is important that variation of the protein's static dielectric
permittivity in rather wide range result only in a relatively small
change in the total reaction ﬁeld and reorganization energies (by
~0.03 eV, i.e. by ~7%).
In the subsequent sections, in the calculations of other systems, all
the parameters will be varied in the similar reasonable limits. For the
sake of brevity, no details of calculations will be given, only the results
of them.
Let us imagine the reaction center charging in an inﬁnite protein,
without surrounding water. The dielectric response energy in optical
medium at εo,i=εo,p=2.5 will be zero, the energy in static medium
equals to −0.194 eV at εs,p=4.0 or to −0.261 eV at εs,p=5.0
(Table 1). The corresponding reorganization energies are 0.194 eV
and 0.261 eV. At εo,r=2.3, the reorganization energies are−0.044−
(−0.240)=0.196 eV or −0.044−(−0.308)=0.264 eV, i.e. practi-
cally the same values. These ﬁgures can be considered as the upper
limit of the protein contribution to the total reorganization energy.
Their difference with the total value, namely 0.254 eV or 0.218 eV
(0.256 eV and 0.220 eV at εo,r=2.3), presents the effect of substitu-
tion of water for some volume of protein; these ﬁgures give us an
estimate of the contribution of the aqueous surroundingsWe see, that
both media — protein and water play a comparable role in this
particular reorganization process.
The charging process we have considered can be formulated as
Cyt c FeII
 
= Cyt c FeIII
 
+ e;
where electron is supposed to be transferred to an inﬁnitely large
distance. Experimentally, this reaction was studied electrochemically
with electron transferred not to inﬁnity but to a metallic electrode
[55,56]. The proper electrochemical criteria conﬁrm that the kinetic
constants obtained in these works relate to dissolved cytochrome c.
The reorganization energy was determined from the potential
dependence of the electrochemical reaction rate, essentially, from
the dependence of the activation free energy on the reaction free
energy. In these experiments, the distance of the electron transfer was
rather large because the electrode was covered by a monolayer of 11-
hydroxy-1-undecanethiol. To ﬁnd the medium reorganization energy
in this process, a correction due to interaction of charge with metal
should be introduced. The corresponding formula was derived by Liu
and Newton [54]
Δλ= −
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Here ε is the dielectric constant, superscripts “op” and “st” mean
the optical and static values, subscripts “I” and “II” refer to the aqueousTable 1
Components of the medium reorganization energy, eV (at intrareactant εo,i=2.5).
Two two-dielectric
media
One three-dielectric
medium
Static reaction ﬁeld energy εs,p=4.0 εs,p=5.0 εs,p=4.0 εs,p=5.0
Inﬁnite protein −0.194 −0.261
Protein in water −0.168 −0.132
Total static −0.362 −0.393 −0.360 −0.391
Optical reaction ﬁeld energy (at εo,i=2.5, εo,p=2.5, εo,w=1.8)
0.086
Total reorganization energy 0.448 0.479 0.446 0.477phase and the organic ﬁlm, KII,I=(εII−εI) /(εII+εI), q is the charge
transferred, d the distance from the center of charge to the surface of
the dielectric layer, L the thickness of the latter. The last sums in
Eq. (3) present the energy of the charge interaction with the series of
its images; they are responsible for the thickness dependence of the
reorganization energy. Strictly speaking, this formula was derived for
a single point charge while in our case we have several partial charges
distributed in some volume. However, our calculations [57] for the
system of charges distributed in a plane parallel to the electrode
surface have shown that for such a large distances of charges from the
electrode the difference between calculations with many charges or
with a single total charge placed in their center of gravity becomes
negligibly small (less than 1 meV). The parameters of the system
under consideration are as follows: εopII=εstII=2; d=1.3 nm (this is
the distance Fe-NζH Lys 13 — according to Niki et al. [58] this side
chain presents the optimal pathway for the long-range electron
transfer from donor to heme); L=1.7 nm. The correction found is
−0.06 eV.
The calculated values of the medium reorganization energy are
0.45–0.48 eV. This should be compared with the experimental value
for the horse cytochrome c 0.58 eV [55,56] corrected for the effect of
the interaction with metal, i.e. 0.64 eV. The calculated and experi-
mental quantities are rather close. However, taking into account the
high accuracy of the experimental value, the difference between them
seems to be realistic. It is, most probably, due to some other
contributions to the reorganization energy. Quantum–chemical
computation of the inner-sphere reorganization energy done by
Ryde et al. [59] resulted, for heme liganded by metionine and
histidine, in the λin=0.042 eV. The inner-sphere reorganization
involves the change of both hard and soft bonds; so, some part of it
has a quantum character, and hence does not contribute to the
classical reorganization energy. Therefore, the value of 0.04 eV can be
considered only as an upper limit of this component.
There is one more source of the reorganization energy increase that
may be considered in a sense as an analog of the inner-sphere
reorganization energy. The purely continuum electrostatic calculation
implies a linear dielectric response, in terms of the molecular picture—
a small shift of the protein atoms proportional to the electric ﬁeld.
However, X-ray and NMR studies have shown that, upon cytochrome c
oxidation, there are marked shifts of water molecule W156 situated in
the heme crevice, and of side chains of Asn 52, Tyr 67 and Thr 78
adjacent to heme [60–64]. This change of conformation can hardly be
described as a linear response, and this should bring about some
additional contibution into reorganization energy. Comparing the
calculated medium reorganization energy with the experimental
quantity we can estimate the sum of the inner-sphere reorganization
energy and its analog that we could call “the non-dielectric reorgani-
zation energy” as ~0.19–0.16 eV. The recent quantum–chemical
calculations has resulted in an estimate of the reorganization energy
due to this conformation change as ~0.2 eV that conﬁrms reasonably
with the values given above (An. Kuznetsov, A. Masliy, E. Mertz, L.
Krishtalik, unpublished result).
A microscopic calculations of the cytochrome c reorganization
energy were performed by Warshel group (Churg et al. [65], Muegge
et al. [19]). The last work employing a more founded Linear Response
Approximation results in estimates of λ=0.4–0.65 eV. Simonson [20]
employed a larger model and a very long molecular dynamic
simulation, by orders of magnitude longer than that in [19]. He
found that the response of the whole protein and of the total system
(protein+water) to the heme charging is linear in spite of
anharmonic behavior of some aminoacid side chains. This result
gives substantiation both to model of [19] and to the dielectric
continuum models. Simonson estimates the reorganization energy as
0.77 eV. This result was obtained using in simulation the nonpolariz-
able force ﬁeld, and the author pointed out that with the polarizable
force ﬁeld λ will be lower. In this aspect, very instructive is the result
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found that the account for the electronic polarizability decreases
substantially the reorganization energy. This paper will be discussed
at the end of Section 4.1.2.
4.1.2. Ammine-ruthenated cytochrome c
Gray and coworker have obtained a great many of experimental
data on reorganization energies in proteinaceous systems (for review,
see [66,67]). The general approach used in these works was to study
kinetics of electron transfer between some redox-active complex
linked covalently to one of the protein aminoacids, and the redox
center of protein. Varying chemical composition of reactants, they
varied their redox potentials, and hence variedΔG of reaction. In these
systems, the electron transfer pathway remained in all cases the same,
and therefore the pre-exponential factor was constant. Therefore,
knowing the dependence of the reaction rate on ΔG one could; using
Marcus equation (Eq. (1)), ﬁnd the reorganization energy.
As a typical example of such systems, let us consider the ammine-
ruthenated cytochrome c. Our calculations of reorganization energy
were performed for cyt c with two rather similar ruthenium
complexes tethered to Nε2 of His33, namely Ru(NH3)5 and Ru
(NH3)4 py (py means pyridine). Two versions of the excessive charge
distribution were tested —with charge on Ru equal to 0.1 e and 0.2 e,
the rest of charge evenly distributed between ligands; the calculated
energies differed by few millielectronvolts. The calculation can be
carried out in two ways. First is to calculate the dielectric response
energies upon charging of heme and Ru complex separately, and then
calculate their interaction energy (their total charges are +1 and
−1). The second way is to calculate the dielectric response energies
upon charging of heme and Ru complex simultaneously by two
opposite charges; in this procedure, the interaction energy is
accounted for automatically. As it should be expected, both
approaches give identical results.
The reorganization energy for the Ru(NH3)5 derivative is calculat-
ed as 1.12 eV at εsp=4 and 1.18 eV at εsp=5; for the pyridine
substitutedmolecule the corresponding energies are 0.95 and 1.01 eV.
For the reactants immersed in an inﬁnite protein, the ﬁgures are 0.45
and 0.61 eV in the ﬁrst case, and 0.40 and 0.54 eV in the second one.
This means that for the ﬁrst structure o.57–0.67 eV can be ascribed to
the effect of aqueous surroundings, and for the second structure the
water contribution is 0.47–0.55 eV. These ﬁgures are much higher
than the aqueous contribution for unsubstituted cytochrome c, viz.
0.22–0.25 eV. This is just one could expect because the charges in
ruthenium complexes tethered to the globule surface are substantially
less shielded from the interaction with water than charges inside the
protein. These data give a quantitative proof of the explanation given
by Gray et al. [66–68] for the high reorganization energy: in the
systems studied, the water reorganization plays a substantial role.
For a series of Ru-ammine modiﬁed Zn cytochromes c Gray and
coworkers [66,67] have estimated reorganization energy of 1.20±
0.05 eV. Strictly speaking, for each member of this series its reorgani-
zation energy is somewhat different as it is seen on example of two
structures treated above. However, most of the experimental data were
obtained using rather bulky substituents — pyridine, isonicotinamide.
Therefore, the experimental estimate should be comparedwith ourdata
for pyridine derivative, namely 0.95–1.01 eV. In general, these data are
in a reasonable agreement. The difference between them, viz. 0.19–
0.25 eV is close to the similar difference between the calculated and
the experimental values for unsubstituted cyt c, namely 0.16–0.19 eV,
obtained in the previous section. Actually, these results are
practically coinciding because one should correct the value for
ruthenated cyt c by some additional contribution due to the inner-
sphere reorganization of Ru complex; the latter was estimated as
~0.05 eV [68–70]. The inner-sphere reorganization energy for Zn-
substituted porphyrin was determined in [71] as 0.06 eV, close to the
value of 0.04 eV computed for Fe-porphyrin [59]. As for the unsub-stituted cyt c, the difference between the outer-sphere reorganization
and the experimental estimate of the total reorganization energy, that
can be called “the non-dielectric reorganization energy”, exceeds the
inner-sphere reorganization energy of the redox centers itself, and
includes contribution due to the movement of the adjacent aminoacids
residues.
Recently, Blumberger et al. [21] have performed a thorough study of
the reorganization energy for four proteins including three ammine-
ruthenated cytochromes using quantum mechanical–molecular me-
chanical approach. The results for all cytochromes derivatives are rather
similar. For the particular Ru(NH3)5 substituted cytochrome c the total
value of the reorganization energy is given as 1.34 eV. This is close to the
experimental data and to our estimates especially if one takes into
account that in molecular mechanical simulation the movement of Asn
52, Tyr 67, Thr 78andW156 (andhence the “non-dielectric” component
of reorganization) is included automatically. Another result coinciding
with ours is that the reorganization of surrounding solvent and the
reorganization of protein cause comparable contributions to the total
reorganization energy. Very important is the fact that a good agreement
with the experimentwas obtained only using the polarizable force ﬁeld
model. Without account of the molecules electronic polarizability, the
calculated reorganization energies are substantially, by ~40%, over-
estimated. This is in line with the idea of the continuum theory where
optical (electronic) dielectric permittivity plays so important role.
Concluding, one can state that in this case themicroscopicmodeling and
semi-continuum approach are in general in a good correspondence.
For Ru (bpy)2(im) derivative (bpy = bipyridine, im = imidazole)
the value of λ=1.26 eVwas calculated [21]. As in our calculations, the
bulkier substituents shield the charge on Ru better, and hence
decrease the reorganization energy. Though the direction of this effect
is reasonable, one could expect a larger decrease in the case of several
bulky substituents. Moreover, this result does not agree with the
experimental value of 0.75 eV [72]. The reason of this disagreement is
not clear.
In view of the above discrepancy, I have performed semi-
continuum calculation for the Ru(bpy)2(im) substituted cytochrome
c. The parameterization was the same as for other ammine-
ruthenated cytochromes except the optical dielectric permittivity of
ruthenium complex: to account for the aromatic character of all the
ligands, this permittivity was accepted to be equal to 2.3. The results
of calculations are as follows. The reorganization energy at εsp=4.0
equals to 0.70 eV, at εsp=5.0 λ=0.74 eV. These ﬁgures are close to
the experimental value, much closer than the result of microscopic
simulations. Comparing our result with the experimental data one
should keep in mind that the estimate of [72] is made for the reaction
series consisting predominantly of derivatives with substituted
bipyridines, i.e. of larger complexes. Therefore, the reorganization
energy for the Ru(bpy)2(im) derivative presents the upper limit of
this quantity.
4.1.3. Azurin
Farver and Pecht [73] studied the electron transfer in azurin
between the disulﬁde anion-radical and the copper mononuclear
center. The former was obtained by reaction with CO2− anion-radical
formed by pulse radiolysis. Azurins from several organisms, both wild
type andmutants, were studied, and this allowed to estimate from the
rate dependence on the copper center redox potential the reorgani-
zation energy λ=1.39 eV.
The calculations performed in this work were based on the X-ray
structure of azurin from Pseudomonas aeruginosa (mutant H35Q), pdb
ﬁle 3azu.pdb1. Azurin crystallizes as tetramer, in these calculations
only one monomeric unit A was considered. The intra-reactants'
dielectric permittivity εi=2, the change of charges on Sγ and Cβ of
the disulﬁde bridge Cys 3–Cys 26 was accepted as equal to 0.4 e and
0.1 e correspondingly; the change of charge on Cu 0.1 e; the rest 0.9 e
distributed evenly between its ligands— Cys 112, His 46, and His 117.
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0.3 e and 0.2 e, on Cu to 0.14 e resulted in variations of the
reorganization energy in limits of 0.02 eV only. The calculated
reorganization energy is 1.24 eV (at εsp=4) and 1.34 eV (at
εsp=5). The reorganization energy in an “inﬁnite protein” equals to
0.60 eV and 0.80 eV correspondingly. Hence, the effect of the aqueous
surroundings amounts to 0.54 eV or 0.64 eV.
The inner-sphere reorganization energy for the Cu(Im)2(SCH3)(S
(CH3)2) complex was estimated quantum-chemically as ~0.32 eV
[74]. The potential curves for Cu\S bonds are ﬂat, so one can expect
that at least the main part of this reorganization energy corresponds
to a classical mode, and hence contributes into the total reorganiza-
tion energy. The same conclusion can be made on the basis of rather
low vibrational frequencies observed for these complexes [75]. It
seems to be possible that the copper center of azurin has somewhat
lower inner-sphere reorganization energy than the complex men-
tioned above but this question is not quite clear [74]. Anyway, we can
expect the total reorganization energy being close to 1.5 eV–1.6 eV.
This is in a reasonable agreement with the experimental value
1.39 eV, especially if we take into account that the latter is not very
accurate due to a large scatter of the experimental data.
4.1.4. Ferredoxin
In a great many of proteins, there are two or more redox centers.
As an example of these cases we choose ferredoxin of Chromatium
vinosum containing two [4Fe–4S] clusters each liganded by four
cysteins. The reorganization energy for the intraprotein electron
transfer was estimated by Kümmerle et al. [76]. The authors exploited
the fact that redox potentials of two centers are somewhat different
due to difference in the intraprotein electric ﬁeld imposed by
aminoacids residues. Using different mutants, they were able to
vary the redox potentials. It is important that the structure of the
protein was not affected substantially by mutations of aminoacids.
This allows to consider all these mutants as belonging to one reaction
series having a practically constant reorganization energy.
For our calculations, the atomic coordinates were taken from 3eun.
pdb, the difference of partial charges in reduced and oxidized states
was calculated from the quantum chemical data of [77]. The inner
dielectric constant of the redox center was accepted to be 2.5. The
results of calculations are as follows. The medium reorganization
energy for the intraprotein electron transfer in the ferredoxin globule
was found to be equal to 0.50 eV (at εsp=4) or 0.58 eV (at εsp=5).
The reorganization energies for an inﬁnite “protein” are 0.31 eV and
0.42 eV correspondingly. We see that the contribution of the aqueous
surroundings is somewhat lower than in the case of cytochrome c or
azurin. The latter is understandable because in ferredoxin the redox
center is shielded from water more effective than in these proteins.
The experimental estimate of the reorganization energy was
performed using rather narrow range of the reaction ΔG, and hence
gives only an approximate value. The authors' estimate is
0.2 eVbλb0.5 eV [76]. The upper limit is close to our result. The
inner-sphere reorganization energy was calculated by Sigfridson et al.
[78] as 0.64 eV. However, iron–sulfur cluster has a rather rigid structure,
and hence one could expect rather high frequency of corresponding
modes (the high frequency, of order of 1000–2000 cm−1was computed
for similar systems [79]). Hence, the inner-sphere reorganization energy
relates to quantum modes, and it does not contribute into reorganiza-
tion energy determined experimentally.
4.2. The intramembrane protein complexes
We consider here electron transfer in two types of the intramem-
brane protein complexes: in the bacterial reaction centers (BRC) of
photosynthesis and in cytochrome c oxidase (CcO).
For the primary charge separation in BRC; there are different
estimates of the reorganization energy, varying from ~0.06 eV [80,81]to ~0.2 eV [39,82]. The last value agrees with the electrostatic
calculations performed in a simpliﬁed model representing cofactors
as prolate ellipsoids, and membrane as a three-layer system with a
low-dielectric core and the outer layer having an enhanced dielectric
permittivity (this model is based on the ekectrogenesis data [83]).
However, the ultrafast primary charge separation (with a character-
istic time of ~3 ps in BRC) can hardly be treated consistently in the
framework of the nonadiabatic charge transfer theory because the
process involves some coherent dynamics with themodulation period
~1 ps [84,85]. Hence, the estimates of the reorganization energy
mentioned above are very approximate ones. Nevertheless, the low
semi-classical reorganization energy is the prerequisite for this very
fast electron transfer.
The characteristic time of the electron transfer from bacterio-
pheophytin to quinone is two orders of magnitude higher, and hence
there seems to be no problems with the employment of semi-classical
theory for this process. The estimate of the reorganization energy
from experimental data gives the value of ~0.5 eV, the electrostatic
calculations result, at some reasonable choice of the dielectric
permittivity, in similar ﬁgures [39,82]. Note that these calculation
were performed in the framework of a simpliﬁed model, and a further
investigation of this problem is desirable; in particular, more realistic
estimates of the dielectric proﬁle of the proteinaceous complex can be
done (see, e.g., the picture for the Photosystem I employed in
calculations of the equilibrium redox potentials [35]). The reorgani-
zation energy for the pheophytin-quinone transfer is substantially
higher than for the primary charge separation. This is necessary to
compensate a larger energy gap, and to make this process practically
activationless, i.e., to ensure its maximal rate.
For thevery fast electron transfers, a speciﬁc problemarises—during
the short reaction time, the dielectric relaxation does not proceed in the
full extent. Hence, the energy components due to the dielectric response
correspond not to the static but to some effective (but not the optical)
quasi-static dielectric permittivity. This is trueboth for the contributions
in λ and in ΔG [38,39]. It is noteworthy that for the charge separation
reaction the (quasi-)static dielectric response contribution inΔG equals
to the analogous (negative) contribution in λ, and hence their sum is
independent of the valueof this permittivity. Inparticular, if the reaction
is activationless at some value of εs it will remain activationless at
another [38,39] (see Section 2.4; Eq. (9)).
Kinetics of the electron transfer between heme a and heme a3 in
cytochrome c oxidase has been studied by Jasaitis et al. [86]. They
started with the mixed-valence form of enzyme, and then removed
CO bound to reduced heme a3 by ﬂash photolysis, and thenmonitored
the kinetics and the equilibrium of the electron redistribution
between two hemes. The temperature dependencies of the rate
constant and of the equilibrium ΔG were studied, and this allowed
estimating the value of λ. It varied from 50 meV to 200 meV, the larger
ﬁgures being more probable.
Electrostatic calculations were performed using the coordinates
from 1oco.pdb1. The distribution of the excess partial charges was the
same as used in Section 4.1.1. As before, the inner dielectric permittivity
of the hemes' porphyrin core εor=2.5. Long hydrocarbon tails tethered
to porphyrins were described as bodies with εs=εo=2.0. The both
reacting groups are situated in themiddle ofmembrane, in its low-polar
core. Therefore, the effective dielectric permittivity of this region should
be low, probably between 4 and 3. The calculated reorganization
energies are 0.29 eV (εsp=4.0), 0.24 eV (εsp=3.5), and 0.17 eV
(εsp=3.0). At the low static value of εsp approaching the protein's
optical permittivity εop=2.5, the results are more sensitive to the value
of εsp. For the core of the protein, the lower εsp's are more probable;
hence, the expected λ lies around 0.2 eV. Interaction of charges in the
middle of membrane with the outer water is weak, and its effects are
only 0.05 eV, 0.06 eV, and 0.07 eV correspondingly.
In the real system of CcO, the protein complex is imbedded in a
lipid membrane. We have simulated this situation by the following
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thick with the equal static and optical permittivities εsm=εom=2.0
(the estimated characteristics of the lipid's hydrocarbon tails). The
hemes a and a3 are lying in the plane of the middle of membrane. In
this model, both the reaction ﬁeld energies in static and optical media
revealed to be less than in the previous model by practically the same
value (~0.08 eV), and hence the reorganization energy diminishes
only by 2–4 meV.
As discussed before (Section 4.1.1.) the contribution of the
porphyrins inner-sphere reorganization is very small, and hence we
can compare the calculated λ≈0.2 eV with its experimental estimate.
The agreement is reasonably good.
Recently, Wikström et al. [87] have performed a detailed
molecular dynamics simulation of this electron transfer. They came
to the value of the reorganization energy 0.2 eV. The authors
estimated also this quantity by Marcus formula (spherical reactants
in an inﬁnite dielectric), and noted that this continuum formalism
gives the same the order of magnitude (their ﬁgure is ~0.1 eV). Our
continuum calculations using more realistic geometry agrees even
better with the microscopic model.
The second electron transfer reaction in CcO for which the
experimental estimate of λ wre given, is the reaction of the two-
nuclear copper center CuA and heme a. The estimates are rather
uncertain varying between 0.15 eV and 0.5 eV [88,89].
In electrostatic calculations, the excess partial charges on both Cu
were taken as 0.15 e, the rest distributed between ligands: 0.15 e on
both Cys, 0.1 e on 2 His, Glu, and Met. The inner permittivity of CuA
complex εor=2, the permittivities of porphyrins and hydrocarbon
tails as above. The calculated values of λ are 0.48 eV (at εsp=4) and
0.30 eV (at εsp=3). The model with membrane gives ﬁgures only by
1–6 meV higher. The values for CuA-heme a transfer are substantially
larger than for the heme a-heme a3 transfer. This agrees with the
expectations: in this case, one of reactants (copper complex) is
smaller in size, and the inter-reactant distance is larger. Therefore, the
reorganization energy in an “inﬁnite protein” is larger (0.36 eV and
0.24 eV correspondingly). Further, the copper complex is closer to the
protein/water interface, and hence in this case the effect of the
aqueous surroundings is larger than for the heme a-heme a3 transfer,
namely 0.11 eV and 0.15 eV correspondingly. CuA complex lies not so
deep in the membrane as hemes, and therefore the effective static
permittivity should be higher, the value about 4 seems to be
preferable. The quantum–chemical calculations give the reorganiza-
tion energy for reduced state 017 eV, for oxidized state 0.28 eV, the
average is 0.225 eV [90]. All the potential curves are very ﬂat, so the
reorganization proceeds practically as a classical process. The same
follows from the low vibrational frequencies, lower than 2kT [91]. The
total reorganization energy can be estimated as 0.70 eV and 0.52 eV.
These ﬁgures are close to the upper limit of estimation by Ramirez et
al. [88]. This upper limit seems to be more realistic — as discussed
above, the reorganization energy for the CuA–heme a transfer should
be substantially higher than for heme a–heme a3 reaction.4.3. The interprotein electron transfer
The interprotein electron transfer is a very common phenomenon.
Let us mention two examples where the reorganization energy was
determined from theΔGdependence of the reaction rate. The ﬁrst is the
electron exchange in the pair cytochrome b5-cytochrome c. In this
system, the reorganization energy was found to be equal to 0.8 eV [92].
The second is reactions of cytochrome c-551 with two cupredoxins, viz.
plastocyanin and rusticyanin. For both these processes having
rather different rate constants, the similar reorganization energies
close to 0.38 eV were estimated [93]. All these reorganization energies
are of the order of magnitude that one could expect from electrostatic
considerations.A special case presents reaction of methylamine dehydrogenase
(MADH) with amicyanin and its mutants. For six reactions of MADH in
its O-quinol, N-quinol, and O-semiquinone forms the value of λ=2.3±
0.1 eV was found [94]. This is much larger than the quantities discussed
above, and hence demands for a special analysis.
A complex of one MADH molecule with two amicyanins and two
cyt c-551i was crystallized, and its structure was determined (pdb
code 2mta). Discarding both cytochromes and one amicyanin (the
molecule situated farther from the reactant-quinol) we obtain the
structure suitable for electrostatic calculations. As before, we ascribe
the redox centers an inner dielectric constant εor=2.5 (its variation
does not lead to substantial changes of results). Calculations were
performedwith two values of the protein's static dielectric constant—
4.0 and 5.0. The excess charge distribution in the copper center is
taken the same as for azurin, for quinol these charges were distributed
evenly between all the heavy atoms of the quinoid ring, including N of
indol ring (by 0.1 e at each atom); to two outer C atoms of the letter
ring charges of 0.05 e were ascribed. The reorganization energy
calculated in this model equals to 0.62–0.74 eV. This is much lower
than the experimental Fig. 2.3 eV.
This difference cannot be explained as the effect of the inner-sphere
reorganization. As it was discussed in Section 4.1.3., for the copper
center the inner-sphere reorganization energy makes up ~0.3 eV; the
covalent bonds of quinol are rather hard, and hence cannot bring about
an essential contribution. Davidson [94] explains the high reorganiza-
tion energy as due to reorganization of water present inside the MADH
globule (particularly, two H2O in the active site). As an argument in
favor of this explanation, he invokes substantially lower reorganization
energy (1.8 eV) for MADH mutant devoid of one of these water
molecules. However, this quantity remains to be too high in comparison
to the estimates given above. Moreover, we have calculated the
reorganization energy for the model of two redox centers in the same
geometry but surrounded not by protein but by water. By this way, the
maximum possible effect of water reorganization can be estimated. The
calculated outer-sphere reorganization energy is 1.72 eV, i.e. substan-
tially less than the experimental value. Therefore, reorganization of
water in some void inside the protein can hardly explain the high
experimental reorganization energy.
The most probable explanation of the effect observed seems to be
as follows. The ﬁgure about 2.3 eV was calculated on the basis of
activation energy obtained from the temperature dependence of the
reaction rate. This activation energy is an apparent quantity including
the sum of the activation energy of the elementary act proper, and the
energy necessary to achieve the reactants conﬁguration optimal for
electron transfer. In the original Marcus theory, the last term is the
energy necessary to draw together the reactants (against the
repulsion forces) to the distance optimal for electron transfer. In the
case of the protein–protein reaction the main problem is to ensure
orientation providing the optimal pathway for electron transfer by the
super-exchange mechanism. This conﬁguration may be different from
those optimal for docking, and hence the mutual reorientation of two
proteins should precede electron transfer (so called “surface diffu-
sion” [92]). The energy consumption for this reorientation can be
large because in the optimal docking conﬁguration interaction
between two globules is rather strong (in our case, it is strong enough
to form a stable complex that could be studied by X-ray crystallog-
raphy). This energy should be subtracted from the experimental
activation energy to ﬁnd the activation energy of the elementary act
proper; only the last quantity is connected directly with the
reorganization energy. The difference of activation energies of the
wild type and mutant MADH can be due to the different docking
energies.
The reorganization energies for the optimal conﬁguration and for
the docking conﬁguration are, in principle, different. However, this
difference cannot be very large because the reactants and their
surroundings remain in general the same, and the inter-reactant
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plastocyanin and cyt f the reorganization energies for two conﬁgu-
rations, one supposedly optimal for docking and the other, optimal for
electron transfer, were estimated at 1.27 eV and 1.0 eV [95]; hence,
they are of the same order of magnitude. Concluding, we can suppose
that the unusually high activation energy for the MADH-amicyanin
electron transfer is due mainly to the high energy consumption
necessary for surface diffusion.
4.4. The intraprotein proton transfer; α-chymotrypsin
The amides and esters hydrolysis catalyzed by serine proteases
consists of two consecutive reactions, the enzyme acylation and the
acyl-enzyme deacylation. The ﬁrst (and in most cases rate determin-
ing) step of each reaction is formation of a tetrahedral intermediate
(THI) as described by the following scheme (e.g., for acylation
reaction; aminoacids numbering as in α-chymotrypsin):
In course of this reaction, proton of serine hydroxyl is transferred
to imidazole of histidine with a simultaneous nucleophyllic attack of
the substrate carbonyl by serine oxygen. Energetically, this charge
separation process is favored, among other factors, by the ﬁeld of the
negative charge of Asp-102-CO2 contacting His-57-Im, and by dipoles
ﬁeld in the so called oxyanion hole acting on the negative charge of
the oxygen in THI. An alternative mechanism, so called “proton relay”,
viz. a concerted two-proton transfer (one from Ser to Im and the
second from the other side of Im to Asp): is considered to be less
probable one, at least for small substrates [96,97].
We have performed calculation of the reorganization energy for
the reaction (I). The atomic coordinates of α-chymotrypsin were
taken from the data of [98] on the structure of its complex with the
turkey ovomukoid third domain, OMTKY3 (PDB entry 1CHO). Only
minor changes in the structure of α-chymotrypsin upon binding of
OMTKY3 were observed [98], and the most pronounced deviation
from the free enzyme structure was seen for uncharged residues
Phe39 and Tyr146 that are rather far from the active site. Therefore,
this complex is suitable as a starting point for analysis of the acylation
reaction. To imitate a small substrate, the inhibitor molecule was
truncated to dipeptide Leu18–Glu19; the bond between these
residues corresponds to the position of the scissile bond in
chymotryptic catalysis. The dipeptide was acetylated at the N-
terminus and N-methylated at the C-terminus using coordinates of
C- and N-termini of Thr17 and Tyr20 correspondingly. The hydrogen
atoms were added with the aid of the CHARMM22 program, All-
Hydrogen Parameter set. To mimic the tetrahedral intermediate, the
side chain of Ser-195 was turned till the distance between its O atom
and carbonyl C of Leu became equal to normal for the C\O bond; to
the same value was increased the length of the former bond C_O. The
distribution of free negative charge in THI was accepted as follows:
−0.6 at former carbonyl oxygen, −0.1 on other O and on N, and
−0.05 at each of four C atoms. The excess positive charges at His-
ImH+ were obtained as difference of AMBER 94 partial charges of
neutral and protonated His. Inner dielectric constant for His-ImH+
and THI was accepted equal to two as for most organic substances. In
other aspects, the calculations were quite similar to those described in
the previous sections.
The calculated reorganization energies are 0.53 eV (at εsp=4) or
0.63 eV (at εsp=5). Let us mention that, as in previous cases, the
medium reorganization energies calculated for an inﬁnite protein, viz.
0.37 eV (εsp=4) and 0.51 eV (εsp=5), are substantially lower thanthose calculatedwith an account of the aqueous surroundings. Besides
the reorganization energy for a small substrate hydrolysis, the
reorganization energies for a large proteinaceous substrate has been
calculated (this substrate was mimicked by the whole inhibitor
molecule). They are only by 3 meV or 42 meV larger.
Our calculations relate to reaction (I) which describes the
concerted proton transfer and nucleophyllic attack of the carbonyl
carbon by Ser-O−. However, an alternative nonconcerted two-step
mechanism of THI formation is possible, with the ﬁrst step of the Ser-
OH deprotonation and the second step of the nucleophyllic attack. The
microscopic simulation of the methanolysis of amide in aqueous
solutions was performed by Strajbl et al. [99]. With imidazole as a
base, they concluded that both paths – concerted and nonconcerted
ones – have comparable probability. In enzyme, the interaction of the
THI− with its surroundings in the oxyanion hole, and its weaker, as
compared to Ser-O−, repulsion from Asp− gives the concerted path
some preference. However, the nonconcerted path cannot be fully
excluded, and the problem remains open to further studies. In any
case, one cannot expect a large difference between reorganization
energies for these two mechanisms.
There are possible some other contributions to the activation
energy besides the medium reorganization.
The ﬁrst possibility is the O\H bond stretching. In our previous
studies of the kinetic isotope effect (KIE) in chymotryptic and tryptic
hydrolysis, it was shown that KIE is temperature independent [100–
102] (for a detailed review see [12]). This shows that this effect is not
due to the difference in activation energies caused by the difference in
zero-point energies but, most probably, to the proton tunneling. In the
case of this mechanism, the reorganization energy is not affected by
the energy of stretching of the O\H covalent bond that behaves
quantum-mechanically. That is consistent with the very high
frequency of O\H vibrations. However, as it was pointed out by
Warshel et al. [103], a strong deformation of potential wells due to the
proton donor–proton acceptor interaction is possible resulting in a
substantial lowering of the corresponding frequencies; this can make
themovement along the proton coordinate classical, and in this case it
will contribute to the total activation barrier. Therefore, a microscopic
analysis of the possibility of the proton tunneling under concrete
conditions of serine proteases is desirable.
Another contribution to the activation barrier can be due to the
inner-sphere reorganization caused by the change of bonds length
and angles, especially expressed upon formation of the THI. The
frequencies of stretching vibrations of C_O and C\O are rather high
but those of deformation can approach the classical limit. The
quantum–chemical analysis of the problem should clarify the
situation.
The activation energy depends also on the energy of reactants
approach, namely of approach of Ser-195-O to carbonyl C. This is the
energy of repulsion of two nonbonded atoms at the distance
substantially less than the sum of their van-der Waals radii. By
order of magnitude, this energy can be estimated as few tenths of
electronvolt [104] but only the quantum-chemical calculation can
give the quantitative answer.
Above, only the medium reorganization energy was calculated,
while the other components of the activation energy were not. This is
connected with a deﬁnite problem in the application of the semi-
continuum approach. For the electron transfer reactions, one can use
the characteristics of the reactants in a proper solvent, e.g. their redox
potentials, and then calculate in a purely electrostatic way the energy
of their transfer from the solvent into the corresponding site in the
protein. For the bond-breaking bond-formation reactions, such a
straightforward way is not applicable. Indeed, we cannot be sure that
the mutual orientation and intermolecular distances in solution are
the same as in enzyme; at the same time, these factors should affect
greatly the reaction kinetics. Therefore, in this case, the semi-
continuum approach should be combined with the quantum-
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On the other hand,Warshel and coworkers have used systematically a
fully microscopic approach combining quantum chemistry with
molecular mechanics. In particular, such an analysis has been applied
successfully to serine proteases [105,106] as well as to several other
enzymes (for review see [103,107]).
5. Conclusion
Proteins consist of a sequence of strongly polar groups (ﬁrst of all,
peptide groups) ﬁxed in a deﬁnite orientation. Restricted mobility of
these dipoles results in two consequences: existence of a substantial
intraprotein permanent electric ﬁeld, and a low static dielectric
permittivity of proteins. The intraprotein electric ﬁeld compensates
largely for the low solvation energies of charged particles in a low-
dielectric medium keeping the equilibrium energy of the charge
transfer reactions in acceptable limits. The low static dielectric
permittivity (together with a rather high optical permittivity) results
in a low (non-equilibrium) reorganization energy. The combined
action of these two factorsmakes proteins the effective catalysts of the
charge transfer reactions.
The reorganization energy does not depend neither on the initial
charges of reactants nor on the existence of the permanent electric
ﬁeld that is inherent to proteins. This circumstance makes the
continuum electrostatic calculations of the reorganization energy
more accurate than the analogous calculations of the equilibrium
energy. Indeed, the latter involves evaluation of the electric ﬁeld, and
hence is sensitive to the exact coordinates of all the protein atoms, and
to the values of their partial charges. For the reorganization energy
calculations, all these factors are unsubstantial.
Due to the long-range nature of Coulombic forces, a substantial
contribution to the total medium reorganization is brought about by
the charge interaction with the aqueous surroundings of the protein.
Our calculations have shown that for many globular proteins the
contributions of water and protein are comparable by their order of
magnitude. On the other hand, the charge transferred in the middle of
a membrane protein interacts with water rather weakly, and this
interaction produces only a small effect.
The reorganization energy depends on the reactants geometry
(their shape, the inter-reactant distance), on the charge redistribu-
tion, and, especially for such heterogeneous systems as real proteins,
on the spatial distribution of the dielectric permittivity. Therefore, as
it was shown experimentally, and follows from our calculations, the
reorganization energy can vary in a very wide range of values
depending on the system considered. Hence, there is no sense to
speak on the “protein reorganization energy” as some permanent
characteristic parameter; one can only evaluate the reorganization
energy for a concrete reaction under concrete conditions.
In this paper, a simple algorithm for calculation of the medium
reorganization energy was employed. Using some program for
numerical solution of the Poisson–Boltzmann equation, the reaction
ﬁeld energy (that can be also called Bornian solvation energy or
dielectric response energy) was found in two versions— all the media
having optical dielectric permittivity, and all the media with the static
ones. The difference of these two quantities gives the reorganization
energy. In both versions, an optical permittivity should be ascribed to
the reactants' bodies; this accounts for the wave functions modiﬁca-
tion by the reaction ﬁeld of surroundings. In these calculations, the
change in the partial charges of all the reactants' atoms due to the
charge transfer should be known. It was found that variation in
reasonable limits of the charge distribution and of the intrareactants
permittivities does not affect substantially the ﬁnal ﬁgures.
The reorganization energy can be calculated using two different
approaches — the semi-continuum one and the microscopic model-
ing. In the ﬁrst treatment, the reorganization energy is computed as
the difference of dielectric response energies, in the second — as thedifference of charge–dipoles interaction energies in two correspond-
ing states calculated explicitly. In practical implementation, both
treatments have to resort to some approximations. However, as it was
demonstrated in this paper, both formalisms lead to similar results.
The semi-continuum approach allows calculating the reorganization
energies in a simple and fast way. At the same time, the agreement of
these calculations with the experiment is not poorer, and in one case
even much better than of the more time-consuming microscopic
simulations.
We have calculated the medium reorganization energies for
electron transfer to (or from) cytochrome c, for the intraprotein
electron transfer in ammine-ruthenated cytochromes cwith different
types of ruthenium complexes, in azurin, in ferredoxin, for two
reactions in cytochrome c oxidase, for the interprotein electron
transfer in complex of methylamine dehydrogenase with amicyanin,
and for the intraprotein proton transfer in α-chymotrypsin. In most
cases, the results of calculations are in a reasonably good accordance
with the experimental data available. For the systems with cyto-
chrome c, where the experimental data are accurate enough, some
systematic but not large difference between the experimental and
calculated ﬁgures reveals the presence of a “non-dielectric reorgani-
zation” due to the change of conformation of some residues in vicinity
of heme; this change of conformation was observed experimentally.
The only drastic discrepancy between experimental estimates and
calculations was found for the interprotein electron transfer between
methylamine dehydrogenase and amicyanin. This difference is too
large to be explained by some inaccuracy in calculations. This suggests
that the experimental activation energy involves a substantial
contribution caused by transition from the conﬁguration optimal for
docking to that optimal for electron transfer (the protein surface
diffusion).
The present study shows that a rather simple electrostatic
calculation of the medium reorganization energy can be a useful
tool in analysis of the mechanisms of the charge transfer reactions in
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